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We carried out a detailed quantum mechanical study of the unimolecular decomposition mechanism of pyridine.
The critical structures of all reasonable reaction pathways were optimized by density functional theory using
the B3LYP functional and 6-31G** basis set. Relative energies were evaluated based on single-point QCISD-
(T)/cc-pVDZ energies. In agreement with general belief and pervious theoretical studies, the calculated results
indicate that G-H bond scission in pyridine preferentially produces the o-pyridyl radical. Also in agreement
with the accepted mechanism, the calculations indicate that ring-opening-WNabGnd cleavage in o-pyridyl

radical is more favorable than-GC bond cleavage, as the former has a significantly lower activation barrier
and the resulting open-chain cyano radical is more stable than other ligét; €adicals. The calculated
activation energy for the formation of cyanovinylacetyleheH from the open-chain cyano radical is the
lowest, compared to the other channels considered. However, activation entropy fav@iso@d cleavage
producing acetylene and cyanovinyl radical instead of cyanovinylacetylene and atomic hydrogen. On the
basis of the calculated activation energies and activation entropies, transition state theory predicts that, in the
temperature range of 1360800 K, the formation of acetylene cyanovinyl radical from o-pyridyl radical

is two to three times the rate of formation of cyanovinylacetylénd. The calculations indicate that direct

C—H bond scission from all three pyridyl radicals producing 2,3- and 3,4-pyridynes is also a favorable channel
from energy consideration.

Introduction observed include acetylene and hydrogen. To explain the
observed profiles of the major product species, Mackie et al.
proposed the following mechanism as the main decomposition
channel.

Heavy fuels, such as coal and coal-derived liquids, are
complex mixtures of aromatic hydrocarbons containing signifi-
cant amounts of nitrogen and sulftithe combustion of them,
used as an energy source in many power plants, produces oxides PN .
of these elements, which ultimately lead to environmental CsHsN (pyridine)— 0=CgH,N (o-pyridyl) + H
pollution?~# Many strategies were developed to reduce the oxide 0—CgH,N (0-pyridyl) -~ HC=CH—CH=CH—-C=N
formation, including the methods of ded®or RAPRENG®
as well as combustion modification techniques such as NO re- HC=CH—CH=CH—-C=N — HC=CH + HC=CH—-C=N
burning, pu.t a completely satisfactory solution has not bgen HC=CH—C=N (+M) — HC=C—C=N + H (+M)
found. This is partly due to the fact that the complete combustion
mechanism of heavy fuels is still unknown. It is known that H + CsHgN (pyridine)— o-, m-, p-GH,N (pyridyl) + H,
fuel-bound nitrogen is mainly in the form of aromatic hetero-
cycles such as pyrrole and pyridine rings® The production They also proposed some possible minor channels such as
of NOx in the combustion of heavy fuels is thought to occur
through pyrolysis of volatilized fuel-bound nitrogen to foom X0 ~ HC=CH—-CH=CH—-C=N — HC=C—-CH=CH—-C=N

precursors, which then react with oxygen to producexNO (cyanovinylacetylene} H
Pyrrole and pyridine are ideal model compounds for studying HC=CH—C=N — HC=CH + C=N

the complex chemical reactions that occur when heavy fuels

undergo pyrolysis and combustion. Thermal decomposition of HC=CH—-C=N — HC=C + HC=N

pyrrole and pyridine has been the subject of many detailed ) . )
experiment& 13 and theoreticaf 18 investigations. It was That_ls, _th_e_ thermal decompogﬂo_n is interpreted as a chain
reported that in the temperature range of 6660°C, the major ~ réaction initiated by €H bond scission. Although a-€H bond
products of pyridine decomposition are atomic hydrogen and Scission in pyrld[ne can lead to three unique pyridyl radicals,
2,2-bipyridine3 Hydrogen cyanide was observed at temperature the 0-pyridyl radical was favored by Mackie et al. because of
above 650°C, and complete cleavage of the pyridine ring was its ability to produce an open-c_haln cyano radical directly, which
observed at 900C. A recent shock-tube pyrolysis study of 1S expectt_ad to pe overwhelmingly more.stablle than any qther
Mackie et al. in the temperature range of 13A®00 K found open-chain radicals produced by the ring fissure of pyridyl
that in the low-temperature range, cyanoacetylene was theradicals. _ o i _
principal nitrogen-containing produttAt elevated temperature, ~ Mackie’s mechanism of pyridine pyrolysis described above
hydrogen cyanide predominates. Other major products that arelS Well accepted and serves as an important reference for
interpreting the pyrolysis reactions of many polycyclic aromatic

On leave from the College of Chemistry and Chemical Engineering, COmpounds con_taining pyridine mo_ie&%/HoweVer, because Of_
University of Petroleum, Shandong, China 257062. the lack of reliable thermochemical data of many species
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TABLE 1: Energies? of Pyridine, Pyridyl + H, and Pyridyne + 2H

method pyridine o-pyridyl+ H m-pyridyl + H p-pyridyl + H 2,3-pyridynet+ 2H 3,4-pyridynet+ 2H
B3LYP —248.292 603 113.1 119.0 117.8 216.4 212.6
QCISD —247.558 147 111.8 117.5 116.2 208.9 204.7
QCISD(T) —247.594 749 1111 116.9 115.7 205.5 199.7
ZPE 55.8 47.7 47.6 47.4 39.8 39.9
QCISD(T)+ ZPE! 0.0 103.1 108.7 107.4 189.5 183.8

a Total electronic energy of pyridine is given atomic unit (hartree); the energy of other species is given in kcal/mol relative to that of pyridine.
bThe 6-31G** basis set was used in the B3LYP calculations, and the cc-pVDZ basis set was used in all QCISD and QCISD(T) calculations.
¢ Zero-point vibrational energy approximated by one-half of the sum of B3LYP/6-31G** harmonic vibrational frequéI@@sS(T)/cc-pvVDZ
energy with ZPE correction in kcal/mol relative to that of pyridine.

involved, arguments supporting the above mechanism wereatom is weaker than the other two-€l bonds. More recently,
based on empirical estimates of many thermochemical data. ToJones et al. reported (RO)MP2/DZP energies of o-, p-, and
date, we are not aware of any detailed quantum mechanical studym-pyridyl radicals?® Their results are in agreement with the
to examine validity of the mechanism. semiempirical and early ab initio studies. However, their
Pyridine is isoelectronic with benzene. Mackie’s decomposi- structures were optimized at ROHF/3-21G level of theory, which
tion mechanism of pyridine is also similar in many ways to the is known to be unreliable for many open-shell conjugated
commonly assumed decylization/fragmentation mechanism of systems. In the present study, we calculated the structures and
phenyl29-22 which is believed to lead ta-C4Hz and GH,. A energies of all three pyridyl radicals. The formation of these
recent high-level quantum mechanical stéfdyf unimolecular radicals from pyridine via €H bond scission is expected to
decomposition of phenyl radical by Lin et al. found, however, have no reverse barrier. Our calculations indicate indeed that
that when the temperature is below 1500 K, the dominant from pyridine to the pyridyl radicals, the energies increase
decomposition channel of phenyl is a—@& bond fissure monotonically with increasing €H distance. The energies of
producing o-benzyne and atomic hydrogen. When the temper-pyridine, the three pyridyl radicals plus atomic hydrogen, and
ature is above 1500 K, the formation of linear radicals becomes 2,3- and 3,4-pyridynes with two hydrogen atoms are presented
competitive with the cyclic isomer. However, the formation of in Table 1. In Table 1, the total electronic energy of pyridine is
the commonly assumeatC,H; + C,H, was found to be less  given in atomic units (hartree); the energies of the other species
competitive than formation dfCeH, (1,5-hexadiyn-3-ene) and  are given in kcal/mol relative to pyridine. It shows that in
atomic hydrogen. These findings may have a significant impact agreement with the early semiempirical and ab initio calcula-
on the interpretation of the pyrolysis processes of pyridine. We, tions, the o-pyridyl radical is about 6 and 4 kcal/mol more stable
therefore, decide to carry out a detailed theoretical study of the than the m- and p-pyridyl radicals, respectively. Compared to

pyrolysis processes of pyridine. pyridine, the C-H scission products, o-pyridyl and atomic
] ) hydrogen, are 103 kcal/mol higher in energy (at the QCISD-
Computational Details (T)/cc-pVDZ level with ZPE correction). In a shock-tube study,

All of the critical structures (equilibrium and transition states) the rates of pyridine decomposition at temperatures between
along the proposed decomposition pathways were fully opti- 1700 and 2000 K were measured, and a limiting high-pressure
mized by density functional theory using the B3LYP functional rate constant for pyridine disappearankes 10'%-%xp(—100
and the 6-31G** basis set. Vibrational analysis was carried out kcal/molRT), was derived” In the more detailed shock-tube
at the same level for each structure to make sure it had thepyrolysis study of Mackie et al the rate constant of the
desired number of imaginary vibrational frequencies. Intrinsic principal initiation reaction, §HsN — 0—CsH4sN + H, was
reaction coordinate analyses were performed at the B3LYP/6- derived from fitting a 58-step reaction model and found to be
31G** level on the transition structures to make sure that they k= 10'5%04xp(-98 + 3 kcal/molRT). The activation energies
led to the desired reactants and products. For a better estimatelerived from the two experimental studies are in good agreement
of relative energies, single point QCISD(T) calculations using with the calculated results. The rate constants derived from the
the correlation consistent polarized valence douhles-pVDZ) latter shock tube study also implied an experimental heat of
basis set were carried out on the structures optimized by B3LYP/formation of o-pyridyl radical oiA{H® = 82 &+ 6 kcal/mol and
6-31G**. Zero-point vibrational energy (ZPE) was taken into a heat of formation oAsH° = 86 & 6 kcal/mol for the m- and
account and was approximated by one-half of the sum of p-pyridyl radicals. The difference between the two agrees
B3LYP/6-31G** vibrational frequencies. For a reliable estimate reasonably with our calculated relative energies between the o-
of QCISD(T) energies, the cc-pVDZ does not appear to be an and p-pyridyl radicals.
ideal basis set. We attempted QCISD(T) calculation with a larger B. Decomposition Channels of the o-Pyridyl Radical.
basis set. However, open-shell UQCISD(T) calculation is very Several reasonable decomposition pathways of the o-pyridyl
expensive. Our calculation with a larger basis set failed, due to radical are described schematically in Figure 1, which shows
inadequate computing resources. On the other hand, it has beethat the pathway leading to o-pyridyne is very similar to the
shown that in similar studie’¥,QCISD(T)/cc-pVDZ calculation one from phenyl to benzyne in phenyl decomposifidithis
gives a reasonable estimate of energies. All of the calculations pathway has been identified by Lin et al. as the most favorable
were carried out using the Gaussian94 program package. pathway of phenyl decomposition~M bond cleavage in the

) ) o-pyridyl radical is considered more favorable than theCC
Results and Discussions bond cleavage because the former leads to an open-chain cyano

A. Stability of Pyridyl Radicals. Three unique pyridyl radicall-C4H3CN (OEL in Figure 1), whereas the open-chain
radicals can be produced via-@l bond scission in pyridine.  radical generated by-©C bond cleavagedE5 in Figure 1) is
An early semiempirical PRDDO (partial retention of diatomic expected to be less stable—8 bond scission InOE1 (via
differential overlap) calculatidii and an ab initio molecular  transition statédTS4) leading to cyanovinylacetylen®©g4 in
orbital study®indicated that the €H bond ortho to the nitrogen  Figure 1) is very similar to the pathway frotaCsHs to 1,5-
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Figure 1. Unimolecular decomposition channels of o-pyridyl radical.

Equilibrium structures are shown. Transition states are represented by,

the symbols above the arrows connecting the equilibrium structures.
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Figure 2. Prominent structural features of the transition states of
unimolecular decomposition channels of o-pyridyl radical (Figure 1)
and p-pyridyl radical (Figure 7) optimized by B3LYP/6-31G**. The
bond distances are given in A and angles in degrees.

OTS7

hexadiyn-3-ene in phenyl decomposition, which Lin et al. found
to be more competitive than formation fC4H; + C,H> (the
equivalent of HEECHCN (cyanovinyl radicaly- C;H,, OE2,
in pyridyl decomposition).

The structural features of the transition states described in
Figure 1 optimized by B3LYP/6-31G** are presented schemati-
cally in Figure 2, which shows the bond lengths (given in A)

Liu et al.

products, o-pyridyne and atomic hydrogen, are 86.6 kcal/mol
higher in energy than o-pyridyl radical.

The favored ring-opening transition sta@T S1, is predicted,
at QCISD(T)/cc-pVDZ+ ZPE level, to be 40.3 kcal/mol higher
than the o-pyridyl radical and leads to the open-chain cyano
radicalOE1, which has a relative energy of 28.6 kcal/mol. From
OE1, a C-C bond cleavage vi®TS2 leads to acetylene and
cyanovinyl radical QE2), which are 67.5 kcal/mol higher than
the o-pyridyl radical OE2 decomposes further via-H bond
cleavage QTS3) with an activation barrier of 110.2 kcal/mol
to form cyanoacetylene and atomic hydrog@i(0), or via a
C—C bond cleavage to form a cyano radical and another
acetylene QE9). The C-C bond cleavage was found to have
no transition state, the products are 118.2 kcal/mol higher in
energy than o-pyridyl radicalDTS4, the transition state for
C—H bond cleavage producing cyanovinylacetylene and atomic
hydrogen QE4), is predicted to have a relative energy of 68.5
kcal/mol. The productsDE4, have a relative energy of 59.2
kcal/mol.

Along the C-C bond cleavage pathway of o-pyridyl radical,
the transition stat®©TS5 is predicted to have a relative energy
of 76.0 kcal/mol, which is nearly 36 kcal/mol higher th@mS1.

The product,OE5, has a relative energy of 71.2 kcal/mol. In
principle, OE5 can further decompose vi®@TS6 with a
predicted activation energy of 106.3 kcal/mol, or @&S7 with

a predicted activation energy of 112.7 kcal/mol.

The schematic energy profiles of the o-pyridyl decomposition
pathways investigated in this study are presented in Figure 3.
The energies in Figure 3 are those of QCISD(T)/cc-pVDZ with
ZPE correction relative to that of the o-pyridyl radical in kcal/
mol. It shows that the most energetically favorable decomposi-
tion pathway of the o-pyridyl radical is the one producing
cyanovinylacetylene and atomic hydrogen. The highest activa-
tion barrier is 68.5 kcal/mol, and the products are 59.2 kcal/
mol higher in energy than the o-pyridyl radical—€& bond
cleavage producing o-pyridyne is also a favorable channel.
Although the energy of o-pyridyne and atomic hydrogen is
higher than the ring-opening transition sta@BS2 andOTS5,
subsequent fragmentation transition states and products along
the OTS2 and OTS5 pathways are too high, compared to the
two favorable channels. Overall, the results are very similar to
those of phenyl decomposition, with the exception that in the
latter, the most favorable channel is o-benzyne formation. The
difference originates from the instability of o-pyridyne compared
to o-benzyne as o-pyridyne is expected to be more strained due

and bond angles (given in degrees). The energies of the structo the existence of a nitrogen atom in the riig®

tures described in Figure 1 were calculated relative to that of
o-pyridyl radical from their B3LYP/6-31G**, QCISD/cc-pVDZ,
and QCISD(T)/cc-pVDZ energies with ZPE correction. The

Table 2 and Figure 3 show that all of the small fragment
products, H&CH + N=C—-C=CH + H (OE10, 101.1 kcal/
mol), HC=CH + HC=CH + CN (OE9, 118.2 kcal/mol), and

results are presented in Table 2 in kcal/mol. The energies of HC=CH + HC=N, HC=C (OES8, 125.7 kcal/mol), are very

2,3- and 3,4-pyridynes are given in kcal/mol in Table 1 relative
to that of pyridine. Much like the channel from phenyl to

high in energy. Even the highest transition state leadirigg&0
(OTS3, 110.2 kcal/mol) is lower in energy th&E9 andOES.

benzyne, our calculations indicate that there is no transition stateThis indicates that acetylene and cyanoacetylene should be the

for C—H bond cleavage in o-pyridyl yielding o-pyridyne. The

major small fragment products, but at elevated temperatures,

TABLE 2: Relative Energies? of Critical Structures on the Decomposition Pathway$ of the o-Pyridyl Radical

method OTS1 OEl1l OTS2 OE2 OTS3 0OTS4 OE4 OTS5 OE5 OTS6 OE6 OTS7 OE7 OE8 OE9 OE10
B3LYP 478 378 872 86.7 1351 848 820 803 76.0 1175 989 1255 1235 158.1 1515 130.9
QCISD 432 29.8 755 722 1229 772 68.0 80.7 745 1142 87.1 1232 114.6 133.6 1259 113.7
QCISD(T) 437 320 775 753 1236 775 690 803 757 1146 903 1228 1148 137.3 129.2 1149
ZPE 443 443 407 399 342 387 380 433 432 394 389 375 368 361 36.6 339
QCISD(T)+ZPE 403 286 705 675 1094 685 59.2 76.0 712 1063 820 1127 104.0 125.7 118.2 101.1

a|n kcal/mol relative to that of the o-pyridyl radical. The B3LYP calculations used the 6-31G** basis set; the QCISD and QCISD(T) calculations

used the cc-pVDZ basis sétThe decomposition pathways are described in Figure 1. Prominent structural features of the transition states are given

in Figure 2.¢ Zero-point vibrational energy approximated by one-half of the sum of B3LYP/6-31G** harmonic frequencies.
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Figure 3. Energy profiles of unimolecular decomposition channels of o-pyridyl radical. The energies are given in kcal/mol relative to that of
o-pyridyl radical, calculated from QCISD(T)/cc-pVDZ with zero point vibrational energy correction. The decomposition channels are described in
Figure 1.
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Equilibrium structures are shown. Transition states are represented byAngles are given in degrees.

th bols ab th ting th ilibri truct . . .
© Symbois above fhe arrows connecting the equilibrium Structures. i more favorable than-€C bond cleavage viITS5 producing

CN and HCN yield may increase. This is in agreement with ME4. MTS1 has a relative energy of 51.4 kcal/mol, whereas
the observation of Mackie et & MTSS5 has a relative energy of 77.5 kcal/mol. In agreement with
C. Decomposition Channels of the m-Pyridyl RadicalThe the discussion of Mackie et al., the open-chain radi&l
decomposition channels of m-pyridyl radical investigated in this with a relative energy of 42.3 kcal/mol is 13.7 kcal/mol higher
study are presented schematically in Figure 4. Two ring-opening than the open-chain cyano radic@El. At B3LYP/6-31G**
channels were considered, one starts withGbond cleavage, =+ ZPE level of theoryME5 has a relative energy of 75.0 kcal/
the other starts with €N bond cleavage. The structural mol. Our QCISD(T)/cc-pVDZ calculation oNES failed due
parameters of important transition states optimized by B3LYP/ to convergence problems in the SCF part.
6-31G** are presented in Figure 5. The energies of all of the  Starting fromME1, C—C bond cleavage vidTS2 (75.2
structures in Figure 4 are given in Table 3 in kcal/mol relative kcal/mol) generateME2 which has a relative energy of 67.9
to that of the o-pyridyl radical. For the m-pyridyl radical;-Ei kcal/mol.ME2 can decompose further viATS3 (107.7 kcal/
bond cleavage can lead to 2,3-pyridyne or 3,4-pyridyne. Much mol) into butadiyne, hydrogen cyanide, and atomic hydrogen
like the C—H bond cleavage in the o-pyridyl radical, no reverse (ME3, 98.1 kcal/mol), or dissociate via-«€C bond cleavage
barrier was found for €H cleavage in the m-pyridyl radical ~ without reverse barrier to produce acetylene, acetylyl radical,
producing 2,3- and 3,4-pyridyne. 3,4-pyridyne is predicted to and hydrogen cyanidéDES8). However, the preferred decom-
be 5.7 kcal/mol lower in energy than 2,3-pyridyne. position pathway oME1 is C—H bond cleavage vi&TS4 to
Along the two ring-opening pathways,~M bond cleavage produce cyanovinylacetylene and atomic hydrog&t4).
via transition stat®TS1 leading to the open-chain radiddE1 MTS4, the highest barrier for m-pyridyt> OE4 along this
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TABLE 3: Relative Energies? of Critical Structures on the Decomposition Pathway$ of the m- and p-Pyridyl Radicals

method MTS1 ME1 MTS2 ME2 MTS3 ME3 MTS4 MTS5 ME4¢ MTS6 MTS7 ME5 MTS8 PTS1 PE1L
B3LYP 57.3 488 91.0 86.6 1314 1269 86.2 838 796 1278 107.3 989 137.0 70.6 60.5
QCISD 547 437 803 726 120.5 1108 78.9 815 122.6 101.2 87.1 1246 718 60.5
QCISD(T) 55.0 46.0 824 755 1211 1119 794 81.9 122.4 1021 90.3 1254 70.7 62.0
ZPE 44.1 439 404 400 343 33.8 388 43.2 431 37.5 40.5 395 345 432 430
QCISD(T)+ZPE 514 423 752 679 107.7 98.1 705 77.5 112.3 949 821 1123 66.2 573

a Energies are in kcal/mol relative to that of the o-pyridyl radical. The B3LYP calculations used the 6-31G** basis set; the QCISD and QCISD(T)
calculations used the cc-pVDZ basis gethe decomposition pathways are described in Figures 4 (m-pyridyl radical) and 6 (p-pyridy! radical).
Prominent structural features of the transition states are given in FiglGtiempts of QCISD(T)/cc-pVDZ calculations on this structure failed
because of convergence problem in the SCF gai&ro-point vibrational energy approximated by one-half of the sum of B3LYP/6-31G** harmonic
frequencies.
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Figure 6. Energy profiles of unimolecular decomposition channels of m-pyridyl radical. The energies are given in kcal/mol relative to that of
o-pyridyl radical, calculated from QCISD(T)/cc-pVDZ with zero point vibrational energy correction. The decomposition channels are described in
Figure 4.

channel, has a relative energy of 70.5 kcal/mol, only 2 kcal/ ”ﬁ u
mol higher than the highest barrier for o-pyridyl OEA4. HOSN H

ME4 has two reasonable decomposition channelsH®ond 34-pyridyne
cleavage viaMTS6 leading toOE7 and C-C bond cleavage

H H H " HCN +HCCCCH +H
via MTS7 producingMES5. Relative energies ofMTS6 and NN s 4 o=d, MISS ME3
MTS7 are predicted to be 112.3 and 94.9 kcal/mol, respectively. m VA HCN= ¢ —~

. . . HOON ¢ . { HCCH + HCN + HCC
MES5 also has two conceivable decomposition channels, a direct 4. H ~ B ors
PE1 ME2

C—C bond cleavage without reverse barrier leadin@ES8 and
C—H bond cleavage via transition st S8 producingOE10. Figure 7. Unimolecular decomposition channels of p-pyridyl radical.
Schematic energy profiles of m-pyridyl radical decomposition Equilibrium structures are shown. Trans_ition states _a_re_represented by
are presented in Figure 6. It shows that the most energeticallythe symbols above the arrows connecting the equilibrium structures.
favorable pathway is again the one that leads to the formation reverse barrier. 3,4-pyridyne and atomic hydrogen is 80.9 kcal/
of cyanovinylacetylene and acetylene. Much like o-pyridyl mol higher than o-pyridyl radical.
decomposition, €H bond cleavage producing 2,3-pyridyne and Ring-opening in p-pyridyl radical viRTS1leads to an open-
3,4-pyridyne is also more favorable than channels leading to chain radicalPE1, the relative energies ?#TS1andPE1 are
small fragment products. 66.2 and 57.3 kcal/mol, respectively. A-G! bond cleavage in

D. Decomposition Channels of the p-Pyridyl RadicalOnly PE1 leads to HCN and H&C—-CH=CH (ME2) with no
one reasonable ring-open channel of the p-pyridyl radical is reverse barrieME2 can further dissociate along the channels
conceivable, which is shown in Figure 6. The structural features of the m-pyridyl radical.
of the ring-opening transition state;TS1, are given in Figure E. Comparison with Experimental Results. The experi-
2 (see Figures 7 and 8). The relative energies of all the structuresmental studies indicated that under low temperature {G0D
along this decomposition pathway are given in Table 3 in kcal/ °C) conditions, the thermal decomposition of pyridine resulted
mol relative to that of the o-pyridyl radical. Similar to the o- in atomic hydrogen and 2;Bipyridinel3 This is consistent with
and m-pyridyl radicals, a €H bond cleavage in p-pyridyl  the calculated results as the o-pyridyl radical is shown slightly
radical leads to 3,4-pyridyne and atomic hydrogen with no more stable than the m- and p-pyridyl radicals. The combination
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Figure 8. Energy profile of unimolecular decomposition channels of p-pyridyl radical. The energies are in given kcal/mol relative to that of
o-pyridyl radical, calculated from QCISD(T)/cc-pVDZ with ZPE correction. The decomposition channels are described in Figure 7. Structural
features of the transition stateTS1, are given in Figure 2.

of two o-pyridyl radicals produces 2;Bipyridine. At elevated order decomposition kinetics @E1 producing acetylene-
temperatures, atomic hydrogen, cyanoacetylene, hydrogen cya€yanovinyl radical (viaOTS2) and cyanovinylacetylené- H

nide, and acetylene were observed as major decomposition(via OTS4), transition state theoryk = kgT/h expAS*/R +
products. However, the calculations indicate that for o- and 1)exp(~E4/RT), predicts that the rate constant aloBg S2 is
m-pyridyl radicals, the mostnergeticallyfavorable decomposi-  about twice the value dTS4 at the low-temperature end (1300
tion channels are those leading to the formation of cyanoviny- K) of the Mackie’s experimeft and three times the value of
lacetylene. All of the unimolecular channels leading to the OTS4 at the high-temperature end (1800 K). Therefore, even
observed small-fragment products have very high activation though the energy of cyanovinylacetyleneH is the lowest
barriers, even the products are much higher in energy. In theiramong the observed products, in the temperature range of the
early experimental study, Mackie et al. could not positively experimental study, formation of acetylefiecyanovinyl radical
identify cyanovinylacetylene as one of the proddétdowever, is faster due to favorable activation entropy. In low concentration
they did detect a likely cyano-containing product even at the conditions, the chance of recombination between acetylene and
lowest temperature at which decomposition could be observed.cyanovinyl radical to reprodud@E1 is low, and the likely fate
They tentatively assigned it to cyanovinylacetylene, but attempts of cyanovinyl radical is to decompose further producing smaller
to confirm it failed as the level of the product peak after fragment products. Thus, the calculated results is in agreement
transportation of the product gases for analysis dropped belowwith the experimental findings of Mackie et al.

sensitivity limits. They pointed out that cyanovinylacetylene is

known to polymerize rapidff above —30 °C. In their later Concluding Remarks

related studies, they positively identified cyanovinylacetylene  The results of our detailed theoretical calculations indicate
as a minor product of pyridine pyrolysit32 that the most energetically favorable unimolecular decomposi-
Apart from the formation of cyanovinylacetylene, the calcula- tion channel of pyridyl radicals is ring-opening via-8l bond

tions indicate that direct €H bond Cleavage of pyrldyl radicals C|ea\/age to form an Open-chain cyano radica]l followed by-C
leading to the formation of 2,3- and 3,4-pyridynes is also an pond cleavage leading to the formation of cyanovinylacetylene
energetically favorable unimolecular channel. Much like the case and atomic hydrogen. Much like the formation of benzyne in
of phenyl decomposition, pyridynes have not been observed inphenyl radical decomposition,-H bond cleavage of pyridy!
pyridine decomposition. However, it is well known that both  radicals leading to the formation of 2,3- and 3,4-pyridyne and
benzyne and pyridyne are extremely unstable. It is likely that atomic hydrogen is also a favorable unimolecular decomposition
they react further immediately after they are produced. As the channel. However, when activation entropies are taken into
observed small-fragment products are much higher in energy consideration, the most kinetically favorable pyrolysis pathway
than cyanovinylacetylene and pyridynes, they are very unfavor- of pyridine is G-H bond fission producing o-pyridyl radical,
able products from energetic consideration alone. However, thefollowed by C-C bond fission producing acetylene and
rate of a chemical reaction depends on both activation energycyanovinyl radical; the cyanovinyl radical may decompose
and activation entropy. For the o-pyridyl radical, activation fyrther to generate smaller fragment products. This is in

entropies of two crucial transition stat€37S2 andOTS4, are agreement with the experimental observations of Mackie et al.
predicted, from B3LYP/6-31G** harmonic vibrational frequen-  and supporting their conclusion.

cies, to be 16.02 and 12.74 dail-mol1, respectively. The
calculated activation energies of these two transition states are Acknowledgment. This study was partially supported by
70.5 and 68.5 kcal/mol (Table 2), respectively. Assuming first- the Petroleum Research Fund administrated by the American
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